In the mid-latitudes, pigs and poultry are kept predominantly in confined livestock buildings with a mechanical ventilation system. In the last decades, global warming has already been a challenge which causes hat stress for animals in such systems. Heat stress inside livestock buildings was assessed by a simulation model for the indoor climate, which is driven by meteorological parameters. Besides the meteorological conditions, the thermal environment inside the building depends on the sensible and latent energy release of the animals, the thermal properties of the building and the ventilation system and its control unit. For a site in Austria in the north of the Alpine Ridge, which is representative for confined livestock buildings for growing-fattening pigs in Central Europe, meteorological data between 1981 and 2017 were used for the model calculations of heat stress measures. This business-as-usual simulation over these 37 years resulted in an increase of the mean relative annual heat stress parameters in the range between 0.9 and 6.4% per year since 1981. In order to minimise the negative economic impact as the consequence of this positive trend of heat stress, adaptation measures are needed. The calculations for growing-fattening pigs show that such a simulation model for the indoor climate is an appropriate tool to determine the level of heat stress of livestock inside confined livestock buildings.
Introduction
The impact of global warming on livestock husbandry has already been a challenge in the last decades and is a threat for the future. So far, only a few investigations have been undertaken regarding intensive pig and poultry production in confined housing systems, while most of the investigations were performed for grassing animals. This is driven by the fact that grazing animals are immediately impacted by outdoor climate, while confined livestock is kept under artificial climate conditions thought to be less vulnerable to global warming. The majority of pigs and poultry in mid-latitudes are kept in confined livestock buildings (Robinson et al. 2011) ; at the global level, it is more than half (Niamir-Fuller 2016) . Nevertheless, the ability of livestock to tolerate heat stress declines with increasing performance levels, i.e. milk yield in dairy cows, growth rates and proportion of lean meat in pigs or poultry (Dikmen and Hansen 2009; Zumbach et al. 2008; Hoffmann 2013) . In pig production, heat stress has been reported to reduce profitability (St-Pierre et al. 2003) but also affects the welfare of the animals (Huynh et al. 2005) .
Confined livestock buildings are predominantly mechanically ventilated in Europe. Depending on the season, the mechanical ventilation system fulfils two major goals: (1) to provide sufficient air quality during the cold winter season while still maintaining inside air temperature close to the thermoneutral zone of the animals and (2) to remove the sensible heat of the animals with high ventilation rates to avoid high indoor air temperatures during the summer season.
The optimum environmental temperature for pigs and poultry lies considerably above the annual outdoor mean temperature, which is~5°C in Northern Europe (about 60°N) and~15°C in Southern Europe (about 40°N). The current design of the buildings and the ventilation systems is aligned predominantly to guarantee the lower limit of the thermal neutral zone of the animals (Vitt et al. 2017) . Therefore, they are frequently termed warm confinement livestock buildings (Zulovich 1993; Gillespie and Flanders 2009) . The geographic distribution of pig density in Europe and the climate classification according to Köppen-Geiger (e.g. Kottek et al. (2006) ) shows the highest animal density (Robinson et al. 2014; Robinson et al. 2011 ) and farm density (Marquer 2010) for the climate classification Cfb temperate oceanic climate (warm temperature, fully humid, warm summers) (Beck et al. 2005) . This agreement between climate and animal density can be found for North America and Asia (predominantly China) as well.
The impact of global warming cannot be derived directly from meteorological data as is the case for grazing animals because the indoor climate of buildings differs to quite an extent from the outside situation. Besides the outdoor climate, the thermal environment inside the building depends on the animals as a source of sensible and latent heat and CO 2 , the thermal properties of the building and the ventilation system and its control unit. Due to this complexity, the use of simulation models is favoured to evaluate and manage the indoor climate. Most of them are based on steady-state sensible and latent heat balances (CIGR 1984; Albright 1990; CIGR 1992 CIGR , 2002 Blanes and Pedersen 2005; Liberati and Zappavigna 2007; Pedersen et al. 2008; Schauberger et al. 2014) . However, the complexities of such models vary with the goal of the models (Fournel et al. 2017 ), e.g. design applications (DIN 18910; CIGR 2002) , the simulation of the indoor climate in a diagnostic mode Schauberger et al. 2000) and the impact on airborne emissions (Schauberger et al. 2018) . Most of these models are based on the assumption that the inside volume of the livestock building is a box with a spatial homogeneity of the parameters. By the use of computational fluid dynamic models, the spatial structures of various parameters can also be calculated (e.g. Lee et al. 2007; Bjerg et al. 2013) . The last group of models cannot be used for long-lasting calculations over 1 year or longer due to the high demand for computing power.
For this investigation, we selected a steady-state simulation model (Schauberger et al. 2000) . The model calculations were performed for a typical livestock building for growingfattening pigs in Central Europe for 1800 heads, divided into nine sections with 200 animals each. Using such a reference building, the transferability of the results to other countries can be achieved. The model calculation was performed for meteorological data on an hourly basis between 1981 and 2017. The location of the meteorological dataset is in the northeast of the Alpine Ridge in Austria in the climate zone Cfb. On the basis of such model calculations, the multi-decadal temporal trend of the thermal climate inside the livestock building can be used as an indicator for future global warming impacts.
The goal of the paper is to estimate the impact of global warming on the thermal conditions inside confined livestock buildings for growing-fattening pigs. By the use of several heat stress measures for pigs, the temporal trend will be investigated in comparison to the outdoor situation. The results will give an orientation whether adaptation measures should be applied to reduce heat stress for growing-fattening pigs in the future.
Materials and methods

Meteorological data
For the calculation of the indoor air conditions, air temperature and relative humidity, meteorological data are needed on an hourly basis. The Austrian Meteorological Service ZAMG (Zentralanstalt für Meteorologie und Geodynamik) compiled a climatic reference scenario on the basis of representative observational sites around the city of Wels (48. 16°N, 14.07°E ) for the time period 1981 to 2017 with a temporal resolution of 1 h. Following the climate classification of Köppen and Geiger (c.f. Kottek et al. 2006 ), the station is located within class Cfb temperate oceanic climate which is representative for large areas in Central Europe excluding the Alps. For the whole area of Upper Austria, in the future, a mean increase of temperature is expected with values of~+ 1.4°C (~± 0.5°) until the middle of the century. The number of hot days (daily maximum temperature ≥ 30°C) is expected to increase in this region from a mean value of 3.3 hot days/year in the reference period 1971-2000 to between 4.7 and 5.0 days/year in the middle of the century (Chimani et al. 2016) . The relationship between air temperature and humidity for this site can be seen by a Mollier diagram (Fig. 1) .
Simulation of the indoor climate
The indoor climate was simulated by a steady-state model which calculates the thermal indoor parameters (air temperature, humidity) and the ventilation flow rate. The thermal environment inside the building depends on the livestock, the thermal properties of the building and the ventilation system and its control unit. The core of the model can be reduced to the sensible heat balance of a livestock building (Schauberger et al. 2001 (Schauberger et al. , 2000 (Schauberger et al. , 1999 . The validation of the simulation model was elaborated for fattening pigs by measurements of Schauberger et al. (1995) and Heber et al. (2001) .
The model calculations were performed for a typical livestock building for fattening pigs in Central Europe for 1800 heads, divided into nine sections with 200 animals each. The system parameters, which describe the reference building (properties of the livestock, building and the mechanical ventilation system), are summarised in Table 1 .
To adapt the control unit to the needs of the animals during the growing-fattening period, the set point temperature Τ C is modified by the body mass m according to
with the set point temperature at the beginning of the fattening period Τ C,start = 20°C which decreases in the course of the fattening period (m start ≤ m ≤ m end ) by ΔΤ P = 4 K to Τ C,end = 16°C.
For an all-in-all out production system AIAO, an animal growth model describes the increase of the release of energy and CO 2 by the growing of the animal body mass of the herd. The time course of the body mass of growing-fattening pigs Table 1 System parameters , temperature-humidity index X THI = 75 and the controllable temperature range X TL = Τ C and X TU = Τ C + ΔΤ P ) behaves like a sawtooth wave with a period of 118 days (about one third of a year). These growth periods are superimposed and interact with the time course of the outdoor temperature. To create statistically valid results, we calculate the body mass on the basis of a Monte Carlo method, called inverse transform sampling, a useful method for environmental sciences (e.g. Schauberger et al. 2013; Wilks 2011 ). There are many techniques for generating a random sample which is distributed according to a pre-selected cumulative distribution function (CDF).
We used the Gompertz model with a constant average daily gain of the body mass m (kg) as a function of time t (days). The body mass values at the beginning and end of the growing-fattening period were selected to be m start = 30 kg for t = 0 days and m end = 120 kg for t A = 108 days. The duration between two consecutive production cycles, when cleaning and disinfection is performed in the livestock building, is assumed as t S = 10 days. Hence, the overall duration of a growing-fattening period is given by t FP = t A + t S which results in t FP = 108 days + 10 days with a duration of t FP = 118 days, i.e. about 17 weeks.
The inverse sampling technique uses a pseudo-random number RN from a uniform distribution in the interval [0, 1], which is transformed to define the time of the growingfattening period t in the interval [0 d; 118 d]. The body mass m t (kg) is then calculated by the Gompertz model according to
with the maximum body mass m max = 208.6 kg, the exponent b m = 1.939 and the growing factor K m = 0.001168 days −1 .
Heat stress measures for growing-fattening pigs
Heat stress for pigs can be quantified by the following parameters and related threshold values (Vitt et al. 2017 ): (1) air temperature (dry bulb) T, (2) temperature-humidity index (THI) and (3) specific enthalpy H, which is equivalent to the apparent equivalent temperature (Mitchell and Kettlewell 1998) . For all these parameters, a related threshold value X has to be defined (Table 2) . To adapt the heat stress measure to the growth of the pigs between 30 and 120 kg, the exceedance of the controllable temperature range was used with the lower limit X TL = Τ C between 16 and 20°C as a linear function of the body mass m and the upper limit with X TU = Τ C + ΔΤ C . At these two thresholds, the minimum and the maximum ventilation flow rate in relation to the body mass is transported by the ventilation system. The last heat stress measure X TU is defined according to Turnpenny et al. (2001) . For a time series with the length t and n equidistant observations of a selected parameter x, the exceedance frequency P X = prob{x| x > X} can be defined, given in hours per year (h a −1
). The second one describes the exceedance area (area under the curve) A X was calculated according to Thiers and Peuportier (2008) by
The area above the threshold X is defined analogously to the degree days (Gosling et al. 2013 ), but with the selected parameter x used on an hourly basis instead of daily mean values. All measures describing heat stress for pigs are calculated as annual sums over the 37-year period .
Model calculations
The model calculations were performed for the entire growing-fattening period for a body mass between 30 and 120 kg. The calculations were done for 1981 to 2017 to determine the trend for the 37-year period. Additionally, we selected the years 1984 and 2003, as one of the coldest and warmest years, respectively, for summertime measured in the last decades, to show specific results outside of the trend calculations. The trend is estimated with a linear function x trend = b x + a for the period 1981 to 2017. The starting point of the linear trend is calculated for 1981 as a reference value. Table 2 Heat stress parameters and the related threshold values X (upper limit for specific physiological reactions) for pigs used to evaluate the indoor climate by air temperature T (°C), specific enthalpy
), the temperature-humidity index THI (−) and the temperature exceedance of the controllable range of the ventilation system (X TL , X TU ) (Vitt et al. 2017) Heat stress parameter Threshold X Air temperature T (°C) X T = 25°C
Specific enthalpy H (kJ kg 
Results and discussion
The results of the simulation of the indoor climate are presented for the hygrothermal parameters (heat stress), the air quality (via the CO 2 concentration), the ventilation volume and the related electrical energy demand. In combination with threshold values X for these parameters, the exceedance frequency P X , given as an annual mean value (h/a), and the exceedance area A X , which can be interpreted as the area under the curve, are presented. Using these parameters, the results are focused predominantly on the occurrence of heat stress, whereas cold stress is mostly omitted ( Table 3 ). The exceedance frequency P X ( The model calculations of the indoor climate were performed for a dataset of more than three decades between 1981 and 2017. The length of the dataset has the advantage that the results are not sensitive to erratic artefacts. Further on, the length gives the opportunity to calculate trends over more than three decades which is unfeasible for shorter datasets as it was performed by St-Pierre et al. (2003) . They generated synthetic data, which are not able to include extreme weather episodes like heat waves (e.g. for the year 2013). The distribution of air temperature T and vapour pressure p is shown in Fig. 1 for outdoor (inlet air) and indoor situations for 2003. The occurrence of heat stress is shown by the selected heat stress measures and the related thresholds X ( Table 2 ). The exceedance frequency P X is determined by the number of data points (hourly values) above the related threshold line X i . The exceedance area A X is given by the sum of the distances of these data points and the threshold line. Table 3 Statistics of the heat stress parameters, air quality, and energy demand by the use of the mean annual linear trend, the calculated reference value for 1981, the coefficient of variation CV of the detrended values, the minimum (Min) and maximum (Max) values between 1981 and 2017 of the exceedance frequency P X and the exceedance area A X for the threshold of air temperature X T = 25°C, specific enthalpy X H = 55 kJ/kg, temperature-humidity index X THI = 75, and the controllable range X TU = Τ C + ΔΤ C for heat stress parameters indoor and outdoor, air quality (X CO = 3000 ppm), annual ventilation volume V (10 3 m 3 a −1 ) and annual energy demand for the ventilation system E (kWh a The time course of the calculated parameters is shown in Fig. 2a for the exceedance frequency P X and in Fig. 2b for the exceedance area A X . The outdoor and the corresponding indoor parameters are shown in the same colour with different brightness. The temporal trend is assessed by a linear regression over the 37 years. The expected heat stress in the near future can be assessed by a short time extrapolation. Comparing the mean annual trend of the observed heat stress measures outdoor and indoor, the vulnerability of traditional livestock buildings can be determined (Table 3) .
The shift of all the outside parameters for heat stress to higher values inside is caused by the sensible and latent heat production of the animals. Two outstanding years are accentuated by light blue for the cold year 1984 and light red for 2003 as a hot year in this period. According to Schär et al. (2004) , the summer of 2003 was statistically extremely unlikely at its time, but it can be used as a typical warm year for the middle of the twenty-first century. The cold year of 1984 shows the highest frequency of minimum values for heat stress (6 of 8) as well as the hot year of 2003 with 6 of 8 maximum values.
The mean linear trend of the exceedance parameters P X and A X is positive for all heat stress measures (exceedance of the threshold values X T , X H , X THI and X TU ), showing a mean Fig. 2 Time course of the exceedance frequency P X (h/a) (a) and the exceedance area A X (b) of the thresholds for air temperature X T = 25°C, specific enthalpy X H = 55 kJ/kg, temperaturehumidity index X THI = 75 and the controllable range X TU = Τ C + ΔΤ C for indoor (int) and outdoor (ext) relative annual change for the indoor climate of about 0.9% (P TU ) to 3.0% (P THI ) per year for the exceedance frequency P X and 1.5% (A TU ) to 6.4% (A THI ) for the exceedance area A X . The lowest values are found for the temperature threshold X TU and the highest values for X THI with more than a tripled relative trend. This shows that the heat stress is not only caused by the temperature increase but is also due to the increase of the humidity inside the livestock building. Even if stationarity cannot be assumed for global warming (Hendry and Pretis 2016) , the trend can be used as an educated guess for the near future.
The exceedance frequency of the upper limit of the controllable range P TU was calculated between P TU = 921 h/a (minimum in 1984) and P TU = 1747 h/a (maximum in 2003). Turnpenny et al. (2001) found for 1997 a value of P TU = 1018 h/a, calculated for Southeast England.
The slope of the linear annual temporal trend is distinctly steeper for the indoor values as compared to the outside situation. The increase lies in the range of 28 to 70% for P X and 75 to 162% for A X . Therefore, the indoor climate is more vulnerable for global warming than the outdoor situation. This means that the direct use of meteorological data-i.e. without the use of a simulation model for the indoor climateunderestimates the likelihood of the occurrence of heat stress in animals inside confined livestock buildings.
The fact that the relative increase of heat stress shows higher values as the reduction of cold stress shows that global warming will result not only in a shift of the mean value but also in an increase of the variability of thermal parameters (Klein Tank and Können 2003) .
Indoor CO 2 is mainly selected as a key parameter to evaluate the indoor air quality in relation to animals (CIGR 1984; DIN 18910) . Therefore, the maximum recommended CO 2 concentration of 3000 ppm is used as a criterion for poor air quality instead of 5000 ppm as the threshold for a human workspace. The exceedance frequency of this threshold (X CO = 3000 ppm) is decreasing from about P CO2 = 283 h/a for 1981 by about − 1.4% per year. The mean indoor air quality is getting better over the years due to the increase of the ventilation flow rate V by about 0.24% per year which is caused by the reduction of the cold stress in the range for P TL by − 0.7%/a and for A TL by − 1.2%/a (Fig. 2) .
The specific energy demand of fans depends not only on the fan itself but also on the resistance of the entire ventilation system (e.g. ducts, restrictions). Typical values are in the range between 35 and 66 W per 1000 m /h. The energy demand of the ventilation system was determined as 16 kWh/a per animal place for the reference year 1981 (Table 3) which is a typical value for growing-fattening pigs (Krommweh et al. 2014; Schmitt-Pauksztat et al. 2006; Lammers et al. 2010; Turnpenny et al. 2001) . The mean relative change lies in the range of about 0.24% per year due to the increase in the annual ventilation volume. Turnpenny et al. (2001) found a relative increase of 0.9% per year for the energy demand between 1997 and 2015 (baseline scenario IS92a of the IPCC (1992)).
To manage the distinct temporal trend of the heat stress parameters, adaptive measures have to be applied in the future. The management of livestock offers a wide range of control measures which shall allow for adaptation, such as feeding strategies (Le Bellego et al. 2002; Renaudeau et al. 2012) , adaptation of the animal density (reduction of the slaughter live mass and/or the number of animals), measures to increase the heat release of animals (evaporation (Hoff 2013) , increased air velocity, cooling of drinking water (Huynh et al. 2006) , floor cooling (Wagenberg et al. 2006; Huynh et al. 2004) ), modification of the design values when planning livestock buildings (maximum and minimum ventilation flow rate, insulation of the building (Åby et al. 2014) ), inverting the diurnal pattern (resting during daytime, feeding during night time) and selecting more adapted genotypes. Certain adaptation measures are part of the ventilation system. These can include energy-saving devices for cooling of the inlet air in order to concomitantly reduce running costs (Vitt et al. 2017) . Some measures are applied inside the building, like evaporative cooling (high-pressure fogging (Haeussermann et al. 2007b; Haeussermann et al. 2007a) or evaporative cooling pads (Valiño et al. 2010) ). While these measures are likely effective to reduce biomass growth losses and to increase animal welfare under global warming, they will increase production costs in most cases. An assessment of costs and benefits of adaptation shall be subject to further research. It needs to tackle both gains-during the cold season such as for air quality shown in this study-and losses from biomass growth and adaptation during the hot summer season (cf. Mader et al. 2009 ). The calculated heat stress effects show an essential impact on the performance, health and welfare status of livestock. As stated by Parsons et al. (2000) , it is difficult to find suitable experimental data to derive models to quantify the performance depression.
Long-term (seasonal) climate forecasts would be essential for decision-making tools aiming at the mitigation of heat stress for livestock inside confined buildings. Such seasonal climate forecasts for agricultural producers are well established (Klemm and McPherson 2017) , but the special needs of livestock keeping are not considered yet, particularly for confined livestock buildings.
Conclusions
The simulation of the indoor climate of confined livestock buildings shows a lower resilience for global warming compared to the outside situation. The mean relative annual trend for heat stress parameters between 1981 and 2017 lies in the range between 0.9 and 6.4% per year, relative to the year 1981. The more frequently and more distinctly occurring heat stress situations have an essential influence on the performance, health and welfare status of livestock. Future impacts of global warming will be even more severe. To reduce animal health and welfare problems as well as the economic impact of these changes, appropriate adaptation measures are needed. The selection has to focus on adaptation measures with low investment and operating costs. Long-term (seasonal) climate forecasts similar to those offered for crop producers would be essential for decision-making tools aiming at mitigating heat stress for livestock inside confined buildings. The calculations for growing-fattening pigs show that such a simulation model for the indoor climate of confined livestock buildings is an appropriate tool to determine conditions of heat stress for livestock.
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